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The phenomenon of bacteriolysis is extremely videspread anc . apparently, all
’ microorganisms are Susceptible to the influence of one or another of the bacterin-
lyzing agents Takin~ into account the multiplicity of bacteriolytic agents and
the individual beculiarities of the microorganisms, one may assume that lytic
88ents exert their effects on different parts of the cells, that they affect vi-
tal processes of the cells in different vays, and that the chemical reactions in-
volved are varied, despite the fact that the end results of lysis are surprisingly
similar in their outwari manifestations Liquid media, murky from the suspension
° o of hundreas of millicas, or billions, of living or dead bacteria, become completely
Clear fellowing the "d1ssolution” of the microbe bodies, while on solid media
dense c:lonies of micrcorganisms, which frequently attain large size, gradually
fade ana dieappear, expcsing the suwrface of the medium.

Under an ordinary microscope it 1s difficult to distinguish the peculiari-
tles of +the 1ytic process whi-h depsnd on the characteristics of the species ine
volved cr on the nature of the iytic agent First, all that can be seen under N
maximum magnification of the aptical microscope, in the typicel process of lysis,
16 a slight -~ ~rgemeut of .ne sxze of the cell after it has come into contact
with the bacte_ .olyzing substance; next, a change in the refraction of the plasma;
then, decompositicn of taa cell body intc granules; and finally, "dissolution”
of the granules.

In viev of the size of pacterial cells, it could be expected that the use
of the eleczron mizroscope {which passesses a far greater pover of magnification
than the best models of Qptical microscopes) would disclose new agpects of the
phencmencn of bactericlysis which vere previously concealed from investigators.
In the firet place, it was nterasting to find out whether, witan the aid of the
electron microsccpe, 1+ would be possible to detect any specific peculiarities
in the manifestatisn of the precess of lysis by comparing the effects of varlous
lytic agents on the saxe type <f microbe

After a certaln amourt of cemrch, we succeeded in isolating from the soil
a motile bacillus vhich was <ensitive 1o the action of a whole series of lytic
substances and which, ccnsequently. constituted a zonvenient subject for compare-
tive experimental research. Cn the basic of its morphological and cultural
characteristice and its paysiologi.al properties, this bacillus can be consi-
dered an atypical form of Bac:llue myrardes Fluage .

A mecessary prereauisiic far examination of biological objecis by the elecz-
. tron microscope s the (1 ansing cf these objects from the admixtures of the com-
! ponents of th: medium and the products - cellular metabolism and decomposition,
gince during desiccaticn of the preparation these impurities may obscure the
ot ject itself A prelimnary cleansing 1= an absolute necessity in preparing
materials from bacterial cultures in 114uid protein media or saline media. If
a drop of suchk & medium is piece on the "chject slide™ of the electron mj croscope
(a thir colicdien fiim stretched on a wire screen), the examinstion of t!_ struc-
ture of bacterial cells by the electren microscope may be handicapped or made
impossible due to the fact that upch desiccation of the drop, to a greater or
lesser sxtent, the components of the broth and salt will conceal significant de-
tails of the morpholegy and cytology of bacteria.

Tc aveird this, & method of preparation of biological materials for electron
microscopy was worked cut vhich permitted cleansing of the object without any
injury to the object 1tself (9). The principle involved in this method, which
we called the methed of "arsop dialysis,” consisted in application of the sup-
porting collodion film, used f2r the rreparation of the "object slide"™ in electron
microscopy, as a dialyzing membraue .
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appr i to e obeerver us uniformly black ag ‘ne Epore-produ:ing ones. Later
it 1y Possible to gee iy them 51308 of separation of their coulents, just as in i
SPore formatioy. Eul 1f obsercations of these cells are continued, the picture
cnanga=g drasticully. ‘The proicplasm becomes fragmented (Figure ). The frag-
. mentel partg are ar first dense (strongly absorbving elecirons): ihen they grad-
ually diminish ip size and form entities separate {rom each other {Figure /).
Then more and more new areas within the cell become electronically transparent.
Further development of this process of a1 ycis leads to a complete subgtitu-
h low-molecular compounds which
are penetreble to ele:tronic rays due to their high degree of dispersion. Thig
Process, in itg outward manifestation, ends by a complete cmptying of the cell,
Vl.ch retaing only the cell wall (Figures %, 9, ang 10).

It should be noted that the cell wall is retained for a long time, surviv-
ing the Drocess of the developing autolytic decomposition of the cell contents.
In very o14 cultures, one can suili encounter cells which have the appearance of
empty, transparent cases with a ~learly obcervable, uncollupsed cell wall.

Thus, after the cells cemse to multiply, the changes of the protoplasmic
colloids, due to age, show up differently depending upon whether or not the cell
is developing in the direction of sporogenesis. In the first instance, that part
of the plasma content of the cell which Inrms the spore is preserved while other
elements of the protoplasm undergc autolysis. The electron microscopic picture
of this process is indistinguishable from the picture of the autolytic decompo-
sition of the entive colleidal mass of “hose cells which do not form spores.

In both cases, the process develops slong iines of disintegration of the
Irotoplasnic elements and of diminution of their mass and density due to rhe
conversion of compounds of Ligh-molecular welght to those of low-molecular
weight. ‘his is indicated in electren micrescopic observations by the gradual
increase in peneiration by electronz, firsy of separate sections of the pPlasma,
and finally of the enfiy cell. With the e@xception of the spore, the cell be-
tcmes more and more transparent ang Tinally tompletely so, leaving only the cell
wall visible.

In cells which ac not Lo spores the wall remains unccllapsed for a long
time which mernits us to helieve tnat the "empty" cells are filled with fluid
whick 1s trencparent to electrome and which balenrec the pressure of the medium,
In cells which have undergoar  tne ~ycle of spcruletion, the cell wall ig
somewhat disturbed, but this wall is found in a collapsed state on the spore 3trips.

Phetiomena of Autclysis of Ba:terial Cells Due to Action of Certain Antiseptics

On beef-peptene media the changes due to age usually set in, in the bulk 1
of the cells of 3-u day old luures, ter i procecs of active multiplication
! is completed. A% that Lime, with the aid of an ele:'ron microscope, it is pos-
sible lo detect Witk a gréat degree of reliability, the nonsporulating bacilli
e by indications of the comran:ement of the autolyiic decomposition of the compo- 1

nents of the protoplasm. 7
in 5-6 day cultures up to -
5o clearly that it is possibl
negration of the vells iv ne:

= apprarances of autolys's incresse with time and
f the zells Lhow he cywological transformation
“ha. the process of internal disin-

Howe.er, the pro. esc 2uLoiynic transformn’ jon of &ie Isolat 1 sporiferous
bacillus can be observed nziderably carlier if {f, is sunfecied to 3o attisn
of cer®t 1 substances such az 6% cthyl sluohol, chloreform, or tolusl. In the
perfurwed experiments, ceils from a O%-hy 2gi uliure were spread in o thin
film on the bottom of & Petri dish ard Lhen ulcohol, chloroform, or toluol
was poured 1nto the dish. An hour later the lijuid was poured off, and after
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18 residue hag fully evaporated, the entire mass of cells was suspended in
nuirient broth. After 24 nr, vhen the cells {which had previously been sub jec-
ted to the action of alcohol, chloroform, or toluol) were removed from the broth,
they clearly displayed the changes wnich have been described above for nonsporu-
lating bacilii from L4-6 day cultures (Figures 11 and 12).

Despite the differenzes in cytological reactions cdue to the individual pe-
culiarities of the cells, it seems obvious that the posthumous changes in the
cells, after their exposure to one or another of tne antiseptic substances, show
Ub 1n the torm of a well -advanced process of dispersion of the protoplasm, and
conversion of complex protoplasmic components into components of low atomic
welght. fThese preparations contained cells representing all stages of autolytic
disintegration of the protoplasm, and Lt was difficult to detect any features
which would distinguish them. under the electron microscope, from preparstions
from 0ld cultw es

Although the celis remained in the broth only 2k hr after being killed by
the indicated antiseptics, here, ac in ' 1d -ultures of the sporiferous bacillus,
it was possible tc observe fragmentation of the protoplasm, shrinkage, dissolu-
tion of the separate fragments, and finally the almost complete transparency of
the cell 1in which only tiny areas remained which were still capable of partially
cbsorbing electrons. But even in these cases, with brief exposure to alcohcl,
chloroform, or tolucl {under prolonged exposure to these substances lysis of the
entire cell may occur), *“he cell wall vas not destroyed. The wall shows up
clearly in the "empty" cells in the form of a trunsparent sac which retains its
cellular shape. Such photographs show clearly the invagination of the cell wall
at the poles of the bacillt.

Our investigations create the impression that the process of autolysis of
the spore-bearing bacilius proceeds more quickly after the bacillus is killed
by applied antigeptic substances, than in aging colonies where the corresponding
cytological changes proceed at a different rate. It is possible that ethyl
alcohol, chloroform, or toluol tends to activate in the dead cells enzymatic
hydrolysis reactions which are the basis of autolytic decomposition of proto-
plasm.

That the observed process of 210iysis is based upon the activities of intra-
cellular enzymes can be demonstrated by the following experiment., A 24-hr
bouillon culture of the 1isolated sporiferous bacillus was heated at 80° ¢ for
a period of 30 min; then the cells were alloved to remain in the same medium
. under a layer of toluol for 5 days - Partof the same bouillon culture served 8s & con-
trol. It vas likewise kept for 5 days under a layer of toluol but without hav-
ing been subjected to heating. The comparison of photographs shows that the
cells of the umheated broth culture (Figure 13), afver spending 5 days under \
a layer of toluol, had undergone considerable change (Figure 1k), while cells
which had veen heated to 0 degrees for a 30-min period (Figure 15) showed no
change after spending 5 days under similar conditions. After the inactivation
of cellular euzymes by heat, autoly~is does not take place.

Consequently, comparative elactron microscopic observations demonstrate
that in typical cases the procesc »f autulysis of the sporiferous bacilius can
be described (2, 7) as an enzymatic process of disintegration of cellular compon-
ents (without breaking or collapsing of the cell wall) which creates the effect
of sompletely voiding the cell and leaving the integument in the form of an un-
,evllapsed sac enclosing transparent contents.
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Autolysis and Lysis of Bacterial Cells Uuder Effect of Gramicidin

terial cells described above does not constitute a unique case. while studying,
by means of the electron microscope, the effects of various doses of gramicidin
(8) on the isolateq sporiierous bacillus, we became convinced that the process
of disintegration of bacterial cells can manifest itself in various forms.

It has been established that gramicidin, as well as other antibiotics, is
capable of affecting microbe cells in various ways. Antibiotics are capable of
Producing bacteristatic, bactericidal, or bacteriolytic effects depending on the
species and on the individual sensitivity of the micrcorgunism, on its physiolo-
gi~al state at the moment of exposure, on the concentration of the antibilotic,

n the length of exposure to action, etc. Consequently, we subjected cultures

of the sporiferous tacillus to the effects of i1ncreasing concentrations of
gramicidin; we varied 1ie lengths of exposure to different dosages of gramicidin;
we changed medis in which the reaction took prlace, and we substituted physio-
logical saline solution for beef-reptone broth to be able to observe the reactions
of the cells under conditions unfavorable for thetir multiplication.

It is possible to Judge as to waether cells were killed by gramicidin on
the basis of cytomorphological changes which commence comparatively soon after
cell death. Such cells show up cleariy from 3 to 6 hr after exposure to gramici-
din before cells which are resistant %o gramicidin begin multiplying in large
numbers. Under phase-ccntrast microsccope the dead cells stand out by their
noticeably trunsiucent Protoplasm, while in cases where the Process of autoly-
815 15 further advanced, protoplasm remains only 1n separate areas or granules
within the cell.

The process of autolytic degeneration of the plasma content of dead cells
can be observed with particular clarity on the screen of the electron microscope.
with a 1.0 ¥ /mL concentration of gramicidin, 17T%  .f the cells shoved trans-
Tormation 6 hr after the beginning of the experiment. Among cells which appeared
to be in various stages of autolysis within an intact cell wall (Figure 17), it
vas possible to find cells whose cell walls were oroken (Figure 18). This type
of cytomorphological change, characierized by broken cell walls (regardless of
whether the cell wall was injured befere any visible changes in the plasma were
observed, or whether injuries cccurred at some stage of the autolytic degenera-
tion of the cellular protoplasm), is regarded by us as lysis of the cells.

The increase of concentration of gramicidin to 1.51’/ml of broth causes the
death of a considerable part of the :ells This is indicated by the presence
of a large percentage of bazi1lli 1n various stages of autolysis after 6-, 9-,
and 2k-hr periods of exposure 10 the actien of gramicidin (Figures 19 and 20).
As the periods of exposure are increased, the number of cells which have under-
gone lysis increases perceptably (Figure 21): from L% (after L.5- to 3-hr ex-
posure to the action of 1.5¢ /ml of broth) to 32% (after a 2h-hr exposure).

With gramicidin concentrations of 2.5y /ml of broth, 1.5 hr are sufficient
to find 60% of the bacilli in early stages of autolytic decomposition of their
protoplasm (Figure 22), while with desages of 5.0, 10.0, and 25.Cy /ml, 100% of
the cells were autolyzed. After 3 hr of exposure to the effects of gramicidin,
among bacilli where disintegration of protoplasm takes place within an intact
cell wall (Figure 23), one begins to find cells which had undergone lysis, i.e.,
cells with broken cell walls {Figure 2&). ter 6-, 9-, and 2h-hr exposures,
from 19% to 59% of the cells undergo lysis (Figure 25)
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The rest of the bkacill: rema:n witn their contents decomposed but with their
€11 valls intact. Their numbers rezain great even after 2k-hr exposures to the
action of gramicidin in concentrations cf 2.5, 5.0, 10.0, and 25.0Y /ml of uroth
{Figure 26). Krupin (10), 1n th.s vork on Bacillus mesentericus, likewise notes
that a large number ¢f cells 413 not undergo complete disintegration even under
prolonged exposure tc sramicdin.

When physiclogical saline solui:cn was used instead of bou.llon, there was
A noticeable acceleration of the process of cell destruction from effects of
gramicidin. Uncer these conditions, additions of gramicidin in dosages of 0.5
and 1.0 X /m revealed, .naer the eiectron microscope, an earlier appearance of
8utolysis in the cells and a' the same time suowed o higher percentage of such
cells after all exposures tc the indicated dosages of gramicidin. For example,
after a 1.5-hr exposure to u ¢ /mlyz5% of the cells exhibited characteristic
Cytological changes of the rutolyti: type (Figure 27), and after a 3-hr exposure,
50% (Figure 28) with dosages of 1.0 /ml 50% of the cells showed autolysis
after a 1.5-hr exposure {Figure 29), and 0% at<er 3 br (Figure 30). An 1increase
in dosage up to 1.5 ¥ /ml resulted in sutciysis of 55% of the cells (Pigure 31)
after a 1.5-hr 2Xposure t¢ this concertration of gramicidin, etc.

As far as producticn of lysis 1in cells 1s concerned in experiments using
gramicidin in physioclogical saline sclution, it must be admitted that quantita-
tive analysis fails to shew any significant differences from results obtained
in experiments using broth. The time of appearance of the cells undergoing
lysis approximately corresponds for physiological saline and broth, as do the
percentages after the corresponding exposures to the action of gramicidin.

The performed :lectrcn m1croscopic investigations indicate that the bac-
tericidal action of gremic:din in concentrations whizh do not exhibit hydrolytic
activity of bacterial ferments, produce within a short period an autolytic disin-
tegration of the protopiasm Tnis process goes on during the first hours of ex-
Posure to the antibioti: =ven i1n concentrations up to 10.0 and 25.0 f /m. with-
out destruction of the cell wall, .2 , autolytically. After a sufficiently
Prulonged exposure te the effecrt: of gramicidin, the process develops in the
direction of total Givirtegraticn of the <211, as a result of breaks in the
cell wall. At these stages of 1ts development, such a type of posthumous cyto-
logical transformations can be considered as lysis of the cells.

The moment of the 1nvolvement of the ~ell wall in the process of autoenzy-

v matic decomposition of ‘he ccmponents of the cell, is determined by the individ-
ual peculiarities of the cell. On the one hand, cells undergoing lysis may be
encountered (among a majority vhich nave managed to maintain their viability),
even after short exposures to weak doses of gramicidin, and on the other hand,
24-hr exposures to such concentratizns of gramicidin as 10 and 25y /ml do not
produce lysis in all cells; approximately half of the cells conclude the proc-
ess of posthumous decomposition of the plasma with the cell wall intact, i.e.,
they follow the autolytic type of disintegration. '

Lysis, like autclysis, is determined by the activity of the internal enzy-
mes Of the cell. The chiel external feature which distinguishes lysis from
autolysis the involvement of the cell wall in the process of decomposition of
the cell contents. This is perhaps due to the changes produced in the cell
wall by the influence of gramicidir or other agents. We also observed lysis of
the isolated sporiferous baecillus after prolonged (5-13 days) exposures to s' 4
substances as toluol and chloroform, which in short periods of action prodr
only autolysis of the cells. The destruction of the cell wall under the irriuence
of gramicidin can take place at various stages of posthumous changes in the cellular
proloplasm, beginning vith the first stages of amutolysis and ending with the final
stage of complete decomposition of the protoplasm.
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Iractivation of Enzymes of Bacterial Celi Under Influence of Large Doses of
Gramicidin
—lcn

Posthumous cytological transformations take place, in the sporiferous
bacillus, chiefly inside the cell wall which is preserved intact for a long time,
1.e., the changes are typicelly sutolytic, not only in dead cells which have com-
Pleted their ontogenetic cvcle, or those which have been killed by the action
of chloroform, toluol, or 965 alcohol, but also in cells which have been exposed
to the bactericidal action of gramicidin. Comparative electron microscopic ob-
servations of cells from old cultures of the sporiferous bacillus, leave the im-
Pression that the cell wall 1s one of the most stable components of the cell
during the latter's autolytic disintegration.

Apparently, only after the cell wall undergoes a corresponding transforma-
tion, due to the influence of specific substances which affect it, do we obtain
& condition which cs. be considere’ as lysis, i.e., a martial or complete des-
truction of the cell wall, which results in an abrupt change in the configura-
tlon of the cell, while in autolysis (even in ite extreme stages) the cell re-
tains its shape completely

It should be noted that in experiments with gramicidin, the term "autolysis"

cannot be used in strict contrast with the term "lysis™ since the lysis of a
cell under the influence of gramicidin is actually its eutolysis, but an auto-
lysis which involves the destructicn of the cell wall. The process is specifi-
cally autolytic in that the destruction of the cellular components, including
the cel wall, 15 effected by internal enzymes of the cell. Gramicidin brings
ou* "the inmate terdency of the celi toward lysis™ (4). It is possible that
autolysis, in this case, 1s preceded by injury to certain cell structures which
affects the enzymatic activity of a hydrolyzing nature (11, 13, 1k, 15, and 16).

It should be easy tc underztand, therefore, with what interest we vatched,
in experiments with gramicidin, for results of action of such concentratirns of
gramicidin, which, having parslyzed the activity of bacterial enzymes, should
have, in our opinion, produced a fixing effect.
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Figure 50. Effects of very high concentrations of gramicidin in broth, on
total number’ of cells of Bacillus mycoides with varied lengths of exposure.
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In Pigure 50, data shovmg The determinati
vith various lengths of €Xposure 1> the action of gramicidin in doses of 25,
50, 125, and 250 (/ml of brotj, {es*-well as the -ontr ol) are presented 1in form

of line graphs. An examination of this greph indicates that the bacteriolyzing
effect of this antibiotic can be easily neutralized by using the substance in
high concentrations.

n of the total number of cells

The paradoxical agpect of this phenomeron lies in
tion of the statements found 1n literature, to the eff

of certain antibiotics are 1ncreased, their bactericidal actio.. is supplanted

by a bacteriolytic one  The explanation of this phenomenon lies in the follow-
ing: it is suffictent to induce chemical inactivation of bacterial enzymes by,
apelying antibiotics in d»

soges of 125 or 250§ /ml of broth to inhibit bacterio-
lvsis completely (as concentrations of only 25 or 50y /ml fail to do), and to
assure that the number of cells doee not diminish in 2hi-hr period. It is in-
teresting ttut doses of evan 50 ¥ /ml 1nactivate the enzymes in a considerable
number of cells. Only about 20% underge lysis; the rest do not decompose. When

a 25¥ /ml dose of gramicidin 15 used, the number of cells is reduced to one third
885 a result of bactericlys1s

its apparent contradic-
‘*t that, as concen.ratious

By means of electron microscopic investi,
that cells which are killed by large doses
lysis, but that they are not even autolyzed
centration and cosgulation of
This causes the protoplasm to

gations it 15 possible to establish
of gramicidin not only fail to undergo
Instead, a process of abrupt con-
the plasma content takes prlace within the cells.
become shrunken and condensed. The protoplasm with-
draws from the wvalls, chiefly alcng the longitudinal axis of the cell, appearing

intensely black on the scruen of the electron microscope; much blacker than the
cells of the control sample.

The phenomenon cf coagulation of protoplasm shows up with particular clarity
in comparisons of electron microscopic pictures of the effects of various dosages
of gramicidin. 1In coutrast with the normal, muitiplying cells of the control
sample (Pigure 32), cells which had been exposed to the action of gramicidin
(25 ¢ /mi of broth) for 1 S-hr clearly shov changes of the autolytic type (F1g-
ure 33). When exposures tc this dosage are prolonged, we find evidence of lysis
in addition to autolysis {(Figure 34). When concentrations of gramicidin are in-
creased to 50y /m3 of broth, while one st:iil finds many examples of lysis and
autolysis (though in smaiier numbers ), there appear cells whose cytclogical
changes approach a coaguiative-type nrotoplasmic change.

When concentrations sre increased to 12% or 250¢ /ml of broth, the electron
microscopic picture (after 1 5-hr to 3 of exposure) clearly shows coagulation
of the majority of the cells (Figures 35, 36, and 37). With the aid of phase-
contrast microscopy (Figures 39 ang 39) it 1s possible to see that the coagula- 1
tive process is preceded fairst by a partial condensation of the Protoplasm and -

sometimes by appearance of large granuies vefore complete contraction of the cell
takes place.

In this precess cf coagulastion of the protoplasm, the cell wall remains in- j

tact and easily separates from the coagulated mass under centrifugation (Fig-
ures 36 and 37).

The inactivation of zellular enzymes by such doses of gramicidin as 125% /ml
and especially 250% /ml results in the fact that the coagulated mass of cell con-

tents (drastically changed by the effects of these doses of gramicidin) as w#ell

as the cell wall remain presarved for a long time without undergoing autolytic

decomposition. If the disintegrative processes of the autolytic type which take
place within the cell wall, or ihose accompanied by a breskdown of the wall,

ags happens in lysis, indicate the tendency and activity of eunzymatic reactions

5 en the posthumous cytological changes of the coagu-
lative type indicates a complete paralysis of the enzymatic apparatus of the cell.
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All three typeg cf posthumous cytclogical changes wo.ch result from the
action of gramicidin--autclysis, lysis, and coagulation -- are simply visible
8igns of internal cellular Fentlions to various exposures to, and various doses
of, gramicidin.

Catalysis of Enzymatic Reactions of Autolysis of Bacterial Cells

The comparison of the electran microscopic pictures of the sutolytic disin-
tegrat on of the prctoplasm of cells from old cuitures of our sporiferous bacillus,
and from young culture: where cells have been killed by short exposures to chlo-
roform, toluol, or 96% alcohol, or by doses of gramicidin (which were hafmless
to the activity of the cellular enzymes), seems to indicate that the various dif-
ferencesﬁiue to differences in tne nature of the bactericidal egent) in the reac-
tious which bring on the death of the celle, disappear, being invalidated by the
disintegrative reactions of the cell afrer its death. This creates the impres-
sion that the pcsthumcus enzymatic reactions within the cells follow completely
identical courses regardiss: of whether death occurred as a result of the matural
completion of the entogenetic cyclie, or whether it was induced by the action of
chloroform, toluol, aicohei, op gramici:din

However, :this impression which 1s based on the superficial resemblance of
the electron W1Croscopic protures of cellular autoiysis, is dispelled by a care- |
ful comparative analysis ¢f the data of bacteriological and electron microscopic
investigations The specific 1nfluencs of the factor which induces death of the
bacterial cell can be observed even in the Posthumous phenomena which take place
within the cell. pne specificity of tris infl-ence mey be deduced from the dif-
fereut reaction rates of cellular autolysis whilh, apparently, depend on the me-
thods by which the bactericidal agents 1n question activate the enzymatic reactions
of the hydrolysis of tne bacterial protoplasm

It has been Previcusly peointed out that signs of autolysis in the ma jority
of the bacilli, which had not undargene sporogenesis, can be detected in 3-L day
0ld cultures In 5- cr 6-—dsy broth and agar cultures of the isolated spori-
ferous bacillus, the bulk of the celis exnibit signs of being in the last stages
of irternal decompositinn It has also been shown that when cells of one-day
old cultures of the sporifercus bacilius are subjected to the action of chloro-
form, toluoi, or 96% alcahol far an hour and are then placed into nutrient broth
for 24-hr 1t is PossiDie {by means «f electron microscopy) to observe in them
marked stages of autolysis, comparable to those which are found in the majority
of the cells of broth cultures only after h-£ days .

This phenomencn could nst be overlooked It suggested the idea that since
conditions under which the activity of cellular enzymes took place were identical
in relation to temperature and PH, that the difference in reaction rates of en-~
zymatic decomposition of the cell contents was due to the difference in the chemi-
cal nature of the activating agent

e

To be able to arrive at a more cemplete understanding of the speed of on- 1
set of autolysis, after shert exposures to the indicated antiseptics, the fol-
lowing experiment was devised

As in the previous expertient, cells of 24-br agar cultures were spread in
8 thin layer in the bottoms cf petri disnes  The experimental dishes were then
rilled with 964 alcohol, while the control dishes were filled with broth. After
an hour the liquids were drained off, smears of the cells were dried in air, and
then part of the cells were suspended in distilled water (to be able to study
their condition directly, after their exposure to alcohol); the other part was
transferred to nutrient broth After 1.5-, 3-, 6-, 9-, and 2h-hr periods in
thz bouillon, total cell counts were made, followed by plating out on beef-
peptone agar to determine the number of live cells in the experimental and con-
trel samples.
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Bimltaneously, cely

exposed > 8 from the bouillon suspension (those wh

exposed :g :;3:?21); and from the bouillon culiure (the gontrol i;;lcsagage;::e i

The setting o 02 vere settled out by means of centrifugation at 9,000 rpm v /

on the "o gect ce, 5 were then transferred to drops of dtstilled vat:ar 1, . :
ect slide" of the electron microscope and examined. » Placed

Table 1 indica es tha - -
t that after 24 hr in nu
\ rient broth 1atl:er having been
exposed to &lco‘.xol) the total number of cells remained pra.ctica]_ly the same

[See Tavie 1 on the following pege.7
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of Autolysis in Cells of Bacterial Populations Subjected to Action of 96% Alcohol

Control After Exposure to Alcohol
Periods of Total Ne No of Percent of Auto- Total No No of Percent of Auto-
Observation of Cells Colonies lyzed Ceils of Cells Cclonies lyzed Cells
(in hr)
a 1 7,éoo,ooo 540,000 0 5,000,000 0 [
g % 1.5 14,600,000 800,000 ¢} 5,200,000 o] [¢]
g 3 20,000,000 2,720,000 0 5,700,C00 0 10
6 40,000,000 25,600,000 [¢] 5,000,000 0 50
9 61,200,000 64,000,000 0 4,600,000 0 100
24 . 132,000,000 solid growth 0 3,800,000 10 100
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However, as the seeding out on beef-peptone agar has indicated, after an i
hour of exposure to 96% ethyl alcohol, a1l the cells were dead. After the re- !
mainder of the seeded material has been in bouillon 2k-hr some of the spores
may grow. By contrast with the results of the control sample, however, the
ten colonies which multiplied only underscore the effectiveness of alcchol as &
bactericidal agent.

Observations with the aid of the electron microscope indicate that {immedia-
tely after exposure to alcohol (Figure 40), and likewise after 1.5-hr of remain-
y ing in the bouillon (Pigure 41}, the cells do not difter in appearance from those
uf the control sample (Pigure 42). After exposure to alcohol, bacilli showing
signs of autolysis (Figure 43) begin to appear =mong the mass of cells after re-
maining for about 3 4r in the nutrient broth, but their mmber is emall (not
more than 10%). Onlyafter 6-hr suspension inbouillon (Figure 44) does the percen-
tage of autolyzed bacilli (which had Leen exposed to alcohol) reach 50%. Only
later, 9-2k-hr after transfer to the bouillon, does the entire mass of cells
(which had been exposed to alcohol) exhibit autolysis in various stages of its
development (Pigures 45 and 46), depending on th. individuel peculierities of
the organisms. During all these periods of time, bacilli from the conmtrol
sample have a normal appearance under the electron microscope.

The data from this experiment revesl that visible signs of autolysis in the
cells begin to show up from 2-6 hr after the cells have been killed by the action
by the alcohol. By that time (3-6 br) nalf the cells show, under the electron
microscope, cytological changes indicating decomposition of their cellular con-
tents.

By comparing the effects of alcohcl with those of gramicidin on the same
organism, we can see that gramicidin pos:esses a definite ability to accelerate
autolytic reactions in cells.

Table 2. Increase in Number of Autolyzed Cells in Bacterial Population
in Relation to Increase of Concentration of Gramicidin

After 1.5 Hr Exposure to Gramicidin in Bouillon in the Fol-
lowing Coucentrations !

gontrel 1.0 ¥/m 1.5¢ /ml. 2.5Y¢ /ml 5.0 ¥ /ml 10.0Y/mL 25.0 ¥ /ml

Total ;
no of ' :
cells 2,200,000 4,200,00¢ 4,000,000 3,800,000 4,200,000 3,800,000 3,600,000

No of
colo-
nies 690,000 580,000 280,000 74,000 0 o] 0

Per-
cent-
age of
auto-
lyzed

cells 0 L6 70 100 100 100

L

- : By referring to Table 2 we can get some ldea of the time it takes, after
exposure to gramicidin, for signs of autolytic disintegration of the protoplasmic
components to show up. With concentrations of 1.5 ¥ of the antibiotic per milli-
1iter of broth, 48% of the cells show autolysis after a l1.5-hr exposure.. By
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comparing the number of colonies obtained with this dose and exposure one comes
tc the conclusion that mere than half of the cells vere killed by 1.5-hr con-

tact with a 1.5y /ml dose of gramicidin.

Consequently, in the greater part of the cells killed by gramicidin, the

actively advancing precesses of autolysis can be revealed
microscope much earlier than in those killed by alcohol.
dosages of gramicidin, and, by the same token, .ncreasing

by the electron
By increasing the
the number of dead

cells, 1t is possible, if gramicidin i used 1in concentratious of 5.0, 10.0,
and 25,9 /m. of bouillen, o cause death of all of the cells. Consequently,
on the screen of the electron micrcscope 1t is peasible to observe 100% of
the cells undergoing the type of cytelogical changes which are characteristic
Ef)the autolytic process of the breakdown of protoplasm (Figures 47, 48, and
9).

Thus 1n cells kiliagd by 96% aironol the Process of autolysis shows up in

100% of the cells only after 9 houre (after death), while

in cells of the same

culture of the sporiferous bacillus killed (during the first minutes) by con-
tact with 25 X /m.l of gramicidin, autelytic decomposition is aprarent, under
the electron microscope, 1in 1C0% of the cells L1.5-br after their death. Baged
upon the time reocuired for autolysis te appear in the bulk of the cells, we
get the following seriec, 1n tuitures where cells had completed their cycle
of development, without being subjected to any speclal reagents, autolysis ap-

pears after 5 or 6 days (A Manteyfel’ LTE/ observed after the expiration of
2h-25 hr of cultivaticn of acetons-butyric acid bacilli on an alumin medium,
that about 50% of the cells underwent autolysis); in cultures killed by alco-
hol, autolysis appears after % hr; in cultures killed by gramicidin, after

1 5-hr.

But since the time of death in aging cultures (those

which are completing

their life cycles) cannot be established, we cannot know how long after death
signs of autolysis 8ppear - Consequently, only the data from experiments of . -,
the effects of alcohc) and gramicidin on the length of time required for auto-

lysis to appear car be compared

The comparison of these date suggests that the effect of the bactericidal
agent can be revealed even after the death of the cell, specifically by the
extent to which 1t activates the cellular enzymes which participate in the proc-
ess >f autelysis It iz qu:ite probably that the means of activation of enzy-

matic syetems (whose action zerves to hydrolyze proteins,

fats, carbohydrates,

and other components of the celiular protoplasm) differ, depending on the na-
ture of the agent which causes death of the cell. It now becomes quite ob-
vicus, as we noted earlier in rela%icn to bacteriophage (5, 6), that a whole

series of substances 1s capable of acting as catalysts in
bacterial cell.

the autolysis of the

Here we come across & phencmencn that brcadens considerably our concepts
concerning activatore of ENIYMATIC pProcesses In addition to activators of in-

dividual enzymes, or of specific entymatic systems, it bec
acknowledge the existence of agents which can simultaneous

omes necessary to
1y activate hydrolysis

of many cellular enzymes belcnging to the most diverge groups. Evidence of this
manifests itself externelly by the rapié reaction rate of decomposition of the
chemically varied substratum which composes the body of the bacterial cell.
Observations of the autolytic precess due to the exposure to graricidin brings

us to the conclusion that the influeuce of this antibiotic

is not limited to a

single cellular enzyme, or even tg a group of enzymes belonging to a single

class; for example, protease, which clearly effects the onset of autolysis. A
detinite accelerating effect is also produced on lipase, on enzymes which cause
the breakdown of carbohydrates, as weil as on other enzymes, the Joint activity

of which briungs about the transformation of the components

of protoplasm into

soluable compounds capable of being diffused through the cell wall.
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Tt is difficult to 5ay much about the mechanism of this Phenomenon. we : !
. cannot tell whether the substance which accelerates the process of cellular !
autolysis has & universal action in relation to the hydrolyzing activity of
various cellular enzymes, or whether it activates directly or indirectly, by
suppressing the e”fect of an imhibitor (corresponding to a "releasge" mechanism)
aud thus directing the +2tivity of cei_ulor enzymes in the direction of hydro-
iveis. 1his 1g an area fer further research. But the very nature of the proc~
%6566 taking place permits us tc conclude that a whole series of substances
ex1st which are capable of activating ‘ne enzymatic reactions of autolysis in

bacterial cells Such substances can, conzequently, be called autclytic cata-
lysts.
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CAPTIONS FOR FIGURES i-49

Figure 1. Cells fro. 24-hr culture in beef -peptone bouillon (MPB, meat-peptone
bouillon). -

Figure 2. Spore-forming cells from 24-hr culture in MPB.

Figure 3. gpore-formine cells-from 72-hr culture on bezf-peptone agar (MPA,
meat-peptone agar).

Figure &. Spore-forming cells from 72-hr culture op MPA
Figure 5. gSpores from Té~hr culture on MPA.

Flgure 6. Cells with indications of commencing autelysis from 96-hr culture
on MPA.

Figure 7. cells undergoing autolvsis from G-day culture in MPB.
Figure 8. Cells indergoing autolysis from 6-day culture in MPB.
Figure 9. seme as Figure 8

Figure 10. Cells undergoing autolysis from 10-day culture on MPA.

Figures 11 and 12. Cells frem 2b-hr culture on MPA after exposure to 964 alcohol
for cne hour followed by 24 hr in MPB

Figure 13. Cells from 2k-br culture in MPB.

Figure 14. (Cells undergoing autolysis from & 2h-hr culture in MPB, after re-
maining for 5 days under a layer of toluol.

Figure 15. Cells from a Zu-hr culture in MPB heated to 80°C for 30 min.

Figw: 16. Cells from 2i-hr culiure in MPB, heated to 80° ¢ for 30 min and then
remaining for 5 days wnder u layer cf toluol

Figures 17 and 18. Autolysis and lysis of cells in MPB contining 1 ¥ of gramicidin
per ml (6-hr exposure)

Figure 19. Autolyzing cells from MPR containing 1.5 Y of gramicidin per ml
(6-hr exposure).

Figure 20. Autolyzing cells from MPB containing 1.5 X of gramicidin per ml
(2k-nr exposure).
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Figure 21. gellg undergoing lysis from MPB containing 1.5 ¥ of gramicidin per !
mi (9-hr exposure} .

Figure 22. Autolyzing cells from MPB contalning 2.5 ¥ cf gramicidin per ml
(1.5-hr exposure).

Figure 23. Autolyzing cells from MpB containing 5 Y of gramicidin per ml (3-hr
exposure).

Figure 2k, (ells undergoing lysis from MPB containing 2.5 ¥ of gramicidin per ml
(3-hr exposure).

Fizure 25. gells undergoing lysis from MpPE containing 5 ¥ of gramicidin per ml
{6-hr exposure),

Figure 26. Autolyzing ceils from MPB containing 2.5 Y of gramicidin per ml
124-nr exposure) .

Figure 27. Autolyzing cells from physiologicel saline solution containing 2.5 Y i
of gramicidin per ml (1.5-hr exposure) . ]

Figure 28. Autolyzing cells from physiological saline solution containing 0.5y
of gramicidin per ml (3-hr exposure) . ,

Figure z3. Autolyzing cells from rhysiologicel saline solution containing 1.0 [
of gramicidin per ml {1.5-ur exposure).

Figure 30. Autolyzing cells from physioclogical saline solution containing 1.0Y
of gramicidin per mi {3-hr exposure) .

Figure 31. Autolyzing cells from Physiological saline solution containing 1.5 Y
of gramicidin per ml (1 5-nr exposure )

Figure 32. Cells from 1.5-hr culture from MPB (control)

Figure 33. Autolyzing cells from MPB containing 25,0 ¥ of gramicidin per ml
(:.5-hr exposure) .

Figure 3k. gells undergoing lysis from MPB containing 25.0 { of gramicidin
per ml (3-hr exposure) .

Flgure 35. Cells with coagulated protoplasm from MPR containing 125 y of gramici-
din per ml (3-hr exposure) .

Figure 36. Cells with coagulated protoplasm from MPB containing 250 ¥ of gramici-
din per ml (1.5-hr exposure) -

Filgure 37. Cells with coagulated protoplasm from MFB containing 250 ¥ of gramici-
din per m) (3-hr exposure).

Figure 38. Cells from 2i-hr culture in MPB (contrel). Phase-contrast micro-
scopic enlargement 1,200 timeg.

Figure 39. Cells with coagulated contents from MPB containing 125 Y of gramici-
din per ml (3-hr exposure). Phase-contrast microscopic v.ev, enlargement 1,200
times.

Figure 40. Cells from 2-nr culture on MPA immediately after a one-hour ex-
posure to 96 ethyl alcohol.

Figure k1. Cells from 24-hr culture on MPA after a l-hour exposure to the action
of 966 alcohcl followed by 1.5-br suspension in bouillon.
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Pigure L2. cells from 24-nr culture on MPA (control).

Figure 43. Cells from 2

-hr culture on MPA e
one hour followed b - xposad to 964 ethyl alcohol for
autolysis). ¥ & 3-hr suspension in bouillon (ioitial indications of

= F 18“! e “‘ « Cells from 2h-hI cul ture on MPA exposed to 96$ eth; alcohol for one
our followed b, hr suspension in ou: on (Pﬂ esence of au oyyls 8)-

Figure )‘5. Cells from 2h-hr t e
culture on MPA d
xposed to 9“ etb,yl alcohol tor
one hour followed by 9"11 suspension in bouillon (presence of autolysis)-

Figure 1‘6- o] 8 om h-h.!‘ 96’
A 8 hy alcohol for
ells fr 2 culture on MPA exposed to ethyl
one p~ar followed bY 21"'h1' suspension in bouillon (presence of autolyets)

Figure 47, Autolyzing cell
(1o exponurey] ng 8 from MPB containing 5.0 ¥ of gramicidin per ml

Figure 48. Autolyzing cells
(1-5-br exposurey. e from MPB containing 10.0 ¥ =i gramicidin per ml

Flgure 49. Autolyzing c
(1.5-br expom_e)llf ng cells from MPB containing 25.0 ¥ of gramicidin per ml

~END -
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